We propose a novel multivariate model for analyzing hybrid traits and identifying genetic factors for comorbid conditions. Comorbidity is a common phenomenon in mental health in which an individual suffers from multiple disorders simultaneously. For example, in the Study of Addiction: Genetics and Environment (SAGE), alcohol and nicotine addiction were recorded through multiple assessments that we refer to as hybrid traits. Statistical inference for studying the genetic basis of hybrid traits has not been well-developed. Recent rank-based methods have been utilized for conducting association analyses of hybrid traits but do not inform the strength or direction of effects. To overcome this limitation, a parametric modeling framework is imperative. Although such parametric frameworks have been proposed in theory, they are neither well-developed nor extensively used in practice due to their reliance on complicated likelihood functions that have high computational complexity. Many existing parametric frameworks tend to instead use pseudo-likelihoods to reduce computational burdens. Here, we develop a model fitting algorithm for the full likelihood. Our extensive simulation studies demonstrate that inference based on the full likelihood can control the type-I error rate, and gains power and improves the effect size estimation when compared with several existing methods for hybrid models. These advantages remain even if the distribution of the latent variables is misspecified. After analyzing the SAGE data, we identify three genetic variants (rs7672861, rs958331, rs879330) that are significantly associated with the comorbidity of alcohol and nicotine addiction at the chromosome-wide level. Moreover, our approach has greater power in this analysis than several existing methods for hybrid traits.Although the analysis of the SAGE data motivated us to develop the model, it can be broadly applied to analyze any hybrid responses.
Introduction
Identifying genetic variants that contribute to diseases is critically important for understanding their biological etiologies and, in turn, determining optimal treatment programs.
Genetic studies in recent years have identified numerous genetic variants associated with diseases. A comprehensive catalog of findings from Genome-wide Association Studies (GWAS) can be found at http://www.genome.gov/gwastudies, where millions of genetic variants, namely single nucleotide polymorphisms (SNPs), are studied. This catalog makes it clear that genetic studies focus primarily on a single disease or trait.
Genetic studies of single phenotypes are likely to be inadequate for mental illnesses and behavioral disorders, which are characterized by variations in several traits. Genetic studies of such disorders warrant assessments across multiple phenotypes. For example, the Study of Addiction: Genetics and Environment (SAGE) recorded varying degrees of alcohol addition through multiple assessments, such as the maximum alcohol consumption in 24 hours (a continuous trait), whether or not feeling bad when controlling alcohol use (a binary trait), and the severity of alcohol symptoms (an ordinal trait). Alcohol addition was thus characterized by multiple variables of different types, which are referred to as hybrid traits. Furthermore, in mental health research and behavioral science, comorbidity of multiple disorders is common. An individual who is addicted to alcohol is more likely to suffer from nicotine addiction and mood disorders (Li and Burmeister, 2009 ). To examine the benefit of analyzing multivariate traits from a statistics perspective, Zhu and Zhang (2009) conducted extensive simulation studies and found that jointly testing correlated traits improves power over testing single traits one at a time. Similar findings have been reported recently; e.g., Lange et al. (2003) ; Yang et al. (2010) ; Zhang et al. (2010) ; Zhu et al. (2012) ; He et al. (2012 He et al. ( , 2013 ; Galesloot et al. (2014) ; Jiang et al. (2014) .
In most genetic studies of multivariate traits, traits are assumed to be exclusively quantitative, binary, or ordinal traits but not a mix of them, as reviewed by Zhang (2011); Galesloot et al. (2014) . This assumption is however overly restrictive in mental health studies. For example, in SAGE, addiction to alcohol and nicotine is assessed by the number of drinks, the number of cigarettes smoked, and the severity of alcohol or nicotine symptoms (no, mild, moderate, and severe). As a consequence, the methods designed for quantitative scales such as MV-PLINK (Ferreira and Purcell, 2009 ) and the commonly used principal component approach (Klei et al., 2008) are not appropriate.
Several existing methods developed for analyzing ordinal traits can be utilized for testing associations between hybrid traits and a genetic marker (Zhang et al., 2010; Zhu et al., 2012; Jiang et al., 2014; O'Reilly et al., 2012; He et al., 2013) ). In particular, MultiPhen (O'Reilly et al., 2012 ) is designed to address arbitrary types of traits. However, these methods do not estimate the size and direction of the effects nor the dependence among the phenotypes. We aim to resolve this major deficiency in the genetic analysis of hybrid traits, particularly mental disorders by proposing a parametric multivariate hybrid (MH) model for jointly modeling hybrid traits with ordinal components. Tests of appropriately fitted parametric models may have considerably greater power than those relying on non-parametric approaches. More importantly, the MH model provides useful information that improves our understanding of comorbidity.
The key assumption behind the MH model is that the observed ordinal traits originate from some latent continuous variables, and this assumption makes it easier for us to form a joint distribution of the hybrid traits. Using latent variables for this purpose has previously been explored by many authors. Anderson and Pemberton (1985) and Poon and Lee (1987) termed it the conditional grouped continuous model, which de Leon and Carriègre (2007) and de Leon and Carriègre (2013) extended to a more general mixed data model. Boscardin et al. (2008) proposed a generalized multivariate probit model to study a repeated measures setting in a Bayesian framework. However, to the best of our knowledge, existing methods avoid directly computing the maximum likelihood estimate in this MH model. Several composite likelihood methods, which are less computationally demanding, have also been studied. For example, de Leon (2005) studied the pairwise likelihood approach, which is, however, less efficient than the maximum likelihood estimate. Due to the scarcity of computationally tractable algorithms for computing the maximum likelihood estimate, the general framework of MH modeling has not been utilized in practice, especially for applications that require performing a large number of tests for associating hybrid traits with risk factors, such as in a GWAS of comorbid mental health traits. Genetic studies of comorbidity critically need statistically efficient and computationally practical methods, which we attempt to introduce in this work.
To obtain the maximum likelihood estimate from the full likelihood, we propose a Parameter-Expanded Expectation Conditional Maximization (PX-ECM) procedure. It extends the conditional version of the EM algorithm by transforming the latent variables and expanding the parameter space (Ruud, 1991; Meng and Rubin, 1993; Liu et al., 1998; Kawakatsu and Largey, 2009) . Like the EM algorithm, the PX-ECM possesses an advantageous property that the likelihood is monotonically increasing in subsequent iterations, which guarantees the solution to be a local maximizer and, moreover, yields fully efficient parameter estimates by directly maximizing the full likelihood. Our numerical studies confirm that our estimation procedure improves both power in hypothesis testing and precision in estimating effect sizes, as well as provides directions.
In Section 2, we state our aim in analyzing the SAGE data, present the MH model for analyzing hybrid traits of comorbidity, and present results from the data analysis. For comparison, we also use the traditional univariate analysis, a reverse regression method, a multivariate nonparametric test based on the generalized Kendall's Tau, and the Fisher's combination. Our analysis reveals novel genetic markers that have not previously been reported as being associated with alcohol or nicotine addiction, which provides evidence that our parametric inference method can be valuable for genetic association studies of comorbid traits more broadly. To assess the performance of our method, in Section 3, we conduct simulation studies to compare it with four competing methods. The simulation results indicate that our parametric inference improves power in most scenarios. In particular, it compares favorably with the MultiPhen method (O'Reilly et al., 2012) . Our method also improves, to a great extent, effect size estimation, compared to univariate analysis. These advantages remain even when the distribution of latent variables is misspecified. We conclude this work with some remarks in Section 4. We defer technical details to the Appendix, including the model fitting algorithm and its properties. (Chen et al., 2011; Zhao and Zhang, 2016) .
In our analysis, we study alcohol and nicotine dependence simultaneously as previous research showed that patients' dependence on these two substances are closely related (Li and Burmeister, 2009 ). We used the following four measures of addiction as the MH traits: 1) the continuous trait "max-drinks" that measures the largest number of alcoholic drinks consumed in 24 hours; 2) the ordinal trait "alc-sx" that measures the severity of alcohol symptoms (no, mild, moderate, and severe); 3) the binary trait "cig-daily" that reflects daily smoking or not; and 4) the ordinal trait "cig-sx" that measures the severity of nicotine symptoms (no, mild, moderate, and severe). 
Multivariate Hybrid Model
where 
T is to facilitate modeling the joint distribution of Y and W.
In addition to the traits, the observed variables include the genotype G and pdimensional covariate X. Conditional on G and X, each continuous trait follows
where m follows the normal distribution with mean zero and variance σ 2 m . Therefore,
We use the similar technique to define the marginal distribution of Z (l) :
We have
Furthermore, for jointly modeling hybrid traits, we assume that the (M +L)-dimensional random vector (σ
follows the multivariate normal distribution with mean zero and correlation matrix Λ.
In genetic association studies, the parameters β m 's and θ l 's represent the genetic effects, γ m 's and η l 's represent the environmental effects, the off-diagonal elements in the correlation matrix Λ reflect the trait-trait correlation (conditional on the known risk factors). In the Appendix, we will discuss the technical aspects of fitting this model and making statistical inference.
Here we also briefly introduce testing procedures to study the association between multivariate traits (Y, W ) and the genotype G; that is,
Computational burdens of variance estimation raise challenges for efficiently using the classical Wald's test. Our proposed PX-ECM algorithm is feasible for computing the likelihood ratio test. Under H 0 , the PX-ECM algorithm can also be implemented by removing biomarker G. Suppose the maximum likelihood estimate isΘ in the whole parameter space andΘ when restricting to H 0 . For simplicity, we denote the p.d.f.
Following the classic likelihood theory, we can show that, under H 0 , as sample size
is the (1 − α)-th quantile of the chi-square distribution χ 2 M +L , and α is a pre-specified nominal level of significance.
Data Analysis Results
We performed a genome-wide association study to identify SNPs associated with comorbid addiction in the SAGE sample. After following data quality control steps in Jiang et al. (2014), we used data from 3,564 subjects with 950,705 SNPs in our analysis.
To use the MH model, we code the genotype G of each SNP as the observed number of minor alleles. Covariates X include gender, race (European or African), study (COGA, FSCD, or COGEND) , and the first two principal components of the genetic relatedness matrix to adjust for population stratification (Figure 1 reveals two major principal components for population stratification based on the genotype data).
[ Figure 1 approximately here] For comparison, we consider four competitors including univariate analysis with Bonferroni correction (Univariate-BC), the MultiPhen method, the generalized Kendall's Tau method (G-Kendall), and Fisher's combination of p-values method with a bootstrap correction (Fisher-boot). The Univariate-BC method fits a (linear or probit) regression model to each trait, and the p-value from Wald test is then adjusted by Bonferroni correction (Laird and Lange, 2011) . The MultiPhen method (O'Reilly et al., 2012 ) is based on reverse regression, i.e., treating the genotype as an ordinal response and regressing it on phenotypes including the disease traits and covariates. For implementation, we use the R package "MultiPhen". The G-Kendall method is a nonparametric method based on Kendall's Tau while adjusting for covariates (Zhu et al., 2012) . The Fisher-boot method uses Fisher's method to combine p-values from univariate trait analysis. The correlation between the p-values is corrected by bootstrap (Kwak et al., 2013 ).
Because we are particularly interested in p-values that are extremely small, we first screened the entire genomewide with simple tests. Specifically, we impose a screening criterion of requiring the p-value from the univariate analysis with Bonferroni correction less than 0.05, as well as the p-value from the Kendall's Tau less than 1 × 10 −4 , which led to 86 candidate SNPs for intensive computation of their p-values. An R code is available upon request.
We find that the SNP rs958331, located on the gene CARD11 in Chromosome 7, has a p-value of 4.51×10 −7 , reaching the chromosome wide significance level (α = 0.05/50138 = 9.97 × 10 −7 ). CARD11 is an oncogene in human diffuse large B cell lymphoma (Lenz et al., 2008) , and has not been previously associated with addiction. For the same SNP, as reported in Table 1 , the p-values are 3.01 × 10 −6 , 3.33 × 10 −2 , 1.61 × 10 −2 and 9.51 × 10 −5 , using the MultiPhen (O'Reilly et al., 2012), the Fisher's approach, the univariate approach with the Bonferroni correction (an extra multiplier of 4 must be factored in the Bonferroni correction due to the four traits) and the nonparametric multivariate approach based on generalized Kendall's Tau, respectively. Tests for this SNP using the competing approaches were not significant at the chromosome wide level.
Meanwhile, we find that SNP rs7672861, located in the intergenic region on Chromosome 4, has a p-value of 5.22 × 10 −7 , reaching the chromosome wide significance level (α = 0.05/55634 = 8.99 × 10 −7 ). Although SNP rs7672861 was not previously identified as a risk factor of comorbid addiction, it is in linkage disequilibrium with SNPs in gene RNF150, which is well known as being associated with chronic obstructive pulmonary disease (Kim et al., 2012) . A haploview for the LD blocks in the proximity of SNP rs7672861 is provided in Figure 2 , which demonstrates the relative proximity of the SNP 7672861 and the gene RNF150. We should note that all competing methods except the univariate approach also detect SNP rs7672861, as presented in Table 1 . In addition, SNP rs879330 located in gene COL18A1 on chromosome 21 passes the chromosome wide significance from the MultiPhen method, and our proposed method provides a p-value of similar magnitude to that from the MultiPhen.
[ Figure 2 approximately here]
[ Table 1 approximately here]
In the following, we further investigate the effects of three identified SNPs. For our joint model, Table 2 presents the estimates for parameters that are of interest in genetic studies. The rows corresponding to the three identified SNPs reveal that, if we examine the association with each single trait, only Y (1) (the continuous trait "max-drinks") yields a p-value (1.3 × 10 −7 ) below the chromosome-wide significance level. This observation underscores again the benefit of considering comorbidity of alcohol and nicotine dependence and modeling comorbid traits simultaneously. The gain of power is due to the strong correlation (conditional on the known risk factors) between the traits, as seen in Table 2 . More specifically, the conditional correlations between alcohol-related and nicotine-related traits are 0.51 or greater. This magnitude implies that, in addition to those risk factors identified in the model, there remain other unknown but major genetic or environmental factors that account for the comorbidity of alcohol and nicotine dependence. Such information is also critical for genetic association studies, as it provides additional knowledge of comorbidity and calls for further search of other risk factors. We note that neither the nonparametric method nor combining univariate analyses method can unveil the conditional correlation among the traits as a result of unknown factors.
[ Table 2 approximately here]
According to 
Simulation study
We use simulation studies to examine the performance of the jointly modeling approach with respect to (1) the power of detecting signals; (2) the bias and efficiency in parameter estimation; and (3) the robustness to model misspecifications. We consider again the four competing methods: the Univariate-BC, MultiPhen, G-Kendall, and Fisher-boot methods.
We first simulate six traits: two continuous, two binary and two ordinal traits. The genotype variable G takes values 0, 1, or 2 with the minor allele frequency (MAF) being 0.3 or 0.1. Two covariates X 1 and X 2 are generated from the normal distributions N (0, 1) and N (0, 4), independent of G. We set the regression coefficients such that the genetic effects are much smaller than the covariate effects (e.g., 0.1 versus 1.0), which is often the case in genetic studies. The correlation of the latent error components is set to be 0.7. Discretizing the latent continuous variables yields the binary and ordinal traits. The two ordinal traits have 4 and 3 levels, respectively. This simulation setting involves 44 parameters for us to estimate in the MH model. We consider three choices of sample size, n = 600, 1200 and 2000.
Tables 3-4 reveal that all methods control the type I error reasonably well when all the genetic effects β m = θ l = 0, with the Univariate-BC method being relatively conservative.
Tables 5-6 present the power analysis results when the genetic effects β m = θ l = 0.1. We observe that the likelihood ratio test (LRT) from our MH model gains considerable power relative to the Univariate-BC and MultiPhen methods, the two most popular methods for genetic association studies. Our method is expected to be more powerful than the Univariate-BC because we explicitly model the between-trait correlations. A striking observation is that the MultiPhen method, which also accommodates the multivariate traits, is sometimes less powerful than the Univariate-BC method. It is slightly better than the nonparametric G-Kendall method. One explanation is that the MultiPhen method ignores the relationship among the traits. We also observe that the power of our MH-LRT method is comparable to the Fisher-boot method, which adjusts the correlation using bootstrap. The latter method, however, is even more computationally intensive.
For example, in the current simulation setting, it needs at least 3000 bootstrap replicates to ensure a reasonably controlled type I error rate. Moreover, unlike our method, it does not improve the precision of the effect size estimation. We also examine the type I error and power while mimicking our real data analysis in Section 2. Table 7 shows the results when we simulate data using the effect sizes from the regression model for rs958331. In this scenario, we have two new observations: the MultiPhen method has severely inflated type I error rates; and the Fisher-boot method is much less powerful.
Our method controls the type I error and has the highest power.
Unlike the four competitors, the MH model explicitly models the between-trait association. Therefore, our inference on the regression slope parameters, which represent genetic and environmental effects, is expected to be more efficient than that based on the univariate-trait analysis. The PX-ECM algorithm helps us achieve the efficiency by maximizing the full likelihood, rather than marginal or pseudo likelihoods. we simulate the latent errors from χ 2 distributions with 4 degrees of freedom, which is a highly skewed distribution with a skewness value of √ 2. We examine the type I error, power, and parameter estimation using the same simulation setting as above. The results are reported in Tables 9-11 . Table 9 reassures the robustness of all methods in terms of the type I error rates. Table 10 indicates that our method is much more powerful than the MultiPhen and Univariate-BC methods. As for the effect size estimation, recall that the distribution assumed for the latent variable in the model was different from the one from which the data were simulated. As a result from this misspecification, we can observe from Table 11 that both methods are biased. However, our joint modeling approach is less biased than the method based on the marginal likelihood (see the 3rd and 5th columns of Table 11 ). Moreover, the last column confirms that our inference is still much more efficient than marginal inference.
To summarize, our method has the following advantages. First, it gains substantial power relative to several existing methods such as the MultiPhen Method and univariatetrait analysis. Second, it improves, to a great extent, effect size (regression slope) estimation over the univariate-trait analysis. Third, our method is the only one to estimate the between-trait correlation while adjusting for covariates. The partial correlation estimates can provide deeper insight into comorbidity. These advantages remain even when the distribution of the latent variables of our MH model is misspecified.
Discussion
Studying comorbidity is important for mental health research where psychiatric conditions are characterized by multiple assessments. Because these assessments typically consist of a hybrid of continuous and ordinal variables, comorbidity raises major chal- we unraveled a novel gene that is commonly known as an oncogene in human diffuse large B cell lymphoma, but was not previously associated with addiction. Our finding underscores the potential of our model to improve power for genetic association studies of comorbidity. Not only did we provide statistically significant evidence for our finding, but also we assessed the validity of our model and offered insights into how we were able to discover this SNP that was otherwise not detectable by the existing methods.
While our own primary motivation was to evaluate the genetic contribution to complex traits, such data are common in many areas, especially in behavioral sciences. As we noted above, there are a limited number of methods to analyze mixed types of outcomes.
Nonparametric tests are among one of the main approaches, which yield p-values, but offer no explicit information on the association direction and strength. Thus, a parametric framework is critical to fill in this need. Moreover, parametric models are far more convenient for the purpose of incorporating covariates in the analysis which allows, in turn, an examination of confounding and interactive effects. These are critical aspects of regression analysis involving a range of known and unknown attributing factors.
Given the complexity involved in modeling the mixed outcomes, it is not surprising that we must resolve some major technical challenges. In fact, model fitting for such outcomes is particularly difficult, and has rarely been discussed in the literature. We developed a stable and feasible PX-ECM algorithm to compute the maximum likelihood estimates. Our PX-ECM algorithm is designed to accommodate the mixture of continuous and ordinal traits simultaneously. It still retains the key feature of EM-type algorithms such as monotonicity of the observed likelihood.
In the analysis of multiple traits, the proposed parametric model has clear advantages over the rank-based nonparametric methods proposed in Zhang et al. (2010) and Zhu et al. (2012) . First, since our parametric approach explicitly models the correlation structure of continuous and categorical traits, it can achieve remarkable gain of power in detecting plausible association of genetic variants with the complex disease of interest, as we demonstrated in the simulation and real data studies. Importantly, the parametric framework can yield other important inference outcomes such as the direction and strength of the association (captured by the regression coefficients), which play a crucial role in understanding the genetic and environmental effect in the development of a complex disease.
The normality (or other distributional) assumption for continuous data is commonly used for convenience in parametric models. When the response variable is binary or ordinal and if an ordered probit/logistic model is used, we can assume a certain density function of the latent variable for the categorical response. Our simulation studies demonstrate that our model is robust to the misspecification of the distribution of the latent variables. Nonetheless, if such an assumption is of clear concern, we may consider rank-based methods such as the generalized Kendall's Tau method. But the rank-based methods are generally not as powerful as parametric methods as we also demonstrated in our simulation studies. Thus, parametric and nonparametric methods complement each other and both are useful. Alc-sx and Cig-sx represent the severity of alcohol and nicotine symptoms, respectively. Within the parentheses is the estimated standard error of the corresponding parameter estimate. The upper section is the coefficient estimates and the lower section is the dependence among the four traits. Results are obtained based on 1000 simulation replicates. The gene RNF150 covers from the left end to the right of SNP 9308138, which is about 33kb from the SNP 7672861.
